In spite of its clinical importance, little is known about the stem-cell compartment of the human oesophageal epithelium [1,2]. The epithelial basal layer consists of two distinct zones, one overlying the papillae of the supporting connective tissue (PBL) and the other covering the interpapillary zone (IBL) [3] . In examining the oesophageal basal layer, we found that proliferating cells were rare in the IBL and a high proportion of mitoses were asymmetrical, giving rise to one basal daughter and one suprabasal, differentiating daughter. In the PBL, mitoses were more frequent and predominantly symmetrical. The IBL was characterised by low expression of β β1 integrins and high expression of the β β2 laminin chain. By combining fluorescenceactivated cell sorting (FACS) with in vitro clonal analysis, we obtained evidence that the IBL is enriched for stem cells. A normal oesophageal epithelium with asymmetric divisions was reconstituted on denuded oesophageal connective tissue. In contrast, asymmetric divisions were not sustained on skin connective tissue, and the epithelium formed resembled epidermis. We propose that stem cells located in the IBL give rise to differentiating daughters through asymmetric divisions in response to cues from the underlying basement membrane. Until now, stem-cell fate in stratified squamous epithelia was believed to be achieved largely through populational asymmetry [4-6].
Results and discussion
The two zones of the basal layer of the oesophagus could be distinguished clearly in histological sections. The PBL extended along the papillae that invaginate the epithelium, while the flat interface with the underlying connective tissue constituted the IBL ( Figure 1a ). As reported previously [7, 8] , all cells that had left the basal layer expressed keratin 13, and cells that had migrated above the first 2-4 suprabasal layers initiated expression of the cornified envelope precursor, involucrin (data not shown). The involucrinnegative, keratin 13-positive suprabasal layers are referred to as the epibasal layers. In the search for stem cells within the oesophageal basal layer, we looked for two characteristics of stem cells in other adult self-renewing tissues: in spite of their high self-renewal capacity, stem cells divide infrequently and, when they do, they give rise to stem and nonstem daughters with equal frequency [4] [5] [6] 9] . Epibasal mitoses in the IBL were also predominantly oriented perpendicular to the basement membrane (Figure 2e ). In the IBL, the nuclei of S-phase cells were frequently seen in the epibasal layer while the cell body remained attached to the basement membrane by a thin cytoplasmic stalk (Figure 2a ). Such intermitotic nuclear migration has been described in asymmetric neuronal cell divisions in the ventricular zone of vertebrates [10] and, by analogy, oesophageal keratinocytes may migrate out of the IBL in S phase and return to the basal layer to execute asymmetric mitosis.
Asymmetric cell divisions allow the two daughter cells to acquire different fates, through unequal segregation of cellfate determinants or exposure to different environmental influences [6, 9] . Although several cell-fate determinants, such as Inscuteable and Numb, are well characterised in invertebrates, it is unclear whether the vertebrate homologues have similar roles [11, 12] . We favour the hypothesis that depriving the epibasal oesophageal daughter cell of contact with the underlying basement membrane is a differentiation stimulus, as oesophageal, like epidermal [13] , keratinocytes are stimulated to express involucrin when held in suspension for 24 hours (data not shown).
It is possible to enrich for human epidermal stem cells by selecting basal cells with the highest levels of β1 integrins [13, 14] . We examined whether differential integrin expression could be used to separate oesophageal IBL and PBL cells. Integrin expression was confined to the basal layer in the oesophageal IBL, while in the PBL there was suprabasal integrin expression at the tips of the papillae ( Figure 3a ). Staining for α6β4 integrin was uniform in the basal layer, concentrated at the basement membrane zone (Figure 3b ), as in epidermis [14] ; in contrast, the intensity of β1 integrin staining was markedly weaker in the IBL than the PBL (Figure 3a ). Most basement membrane components were uniformly expressed along the papillary and interpapillary basement membranes (for example, Figure 3d ). However, the β2 chain of laminin was strongly expressed in the interpapillary basement membrane with sharply decreased expression along the papillae (Figure 3c ).
We exploited the observed variation in β1 integrin expression to compare the proliferative potential of IBL and PBL keratinocytes isolated directly from human oesophagus. Epibasal and suprabasal keratinocytes (keratin 13-positive) had higher forward and side scatter characteristics than basal cells (data not shown; [13] ) and were therefore gated out. Contamination of basal cells with glandular epithelial cells, as determined by staining with an antibody to keratin 18 [7] , was negligible (data not shown). The basal population was fractionated into the 20% of cells with the highest levels of β1 integrins and the 20% of cells with the lowest levels [13] , and the number and type of clones formed after 3 weeks in culture on a 3T3 feeder layer were determined. Whereas 10% of cells with high integrin levels attached to the culture dishes following FACS, the proportion of adherent cells in the integrin dull population was 2.5%. The proportion of clonogenic cells (calculated as a percentage of the adherent cells [15] ) was twofold higher in the IBL (integrin dull) than in the PBL (integrin bright) (p < 0.001; 57 ± 2% versus 29 ± 0% in a representative experiment). The majority of colonies (> 85%) founded by both IBL and PBL keratinocytes were large (> 10 4 cells) and actively growing.
In most tissues maintained by stem cells, there is a population of stem daughters -transit amplifying cells -with more limited proliferative capacity and restricted differentiation potential [4] [5] [6] 9] . Abortive colonies (< 32 cells, consisting of large, terminally differentiated cells), equivalent to those founded by epidermal transit amplifying cells [13, 14] , were rare in both IBL and PBL (average 13% of total colonies in 16 experiments). Given the large number of Ki-67-positive epibasal cells, it is possible that the transit amplifying cells lie primarily in the epibasal layers (keratin 13-positive cells) and were therefore excluded from the FACS analysis.
It is striking that, whereas clonogenic cells are enriched in the β1 integrin bright population in epidermis [13, 14] , the opposite was true for the oesophagus. There are at least three potential reasons for the difference. First, it may relate to the different embryological origins of the two epithelia, oesophagus being derived from endoderm and epidermis from ectoderm. Second, it may reflect heterogeneity in the composition of the underlying basement membranes (Figure 3c ; [16] ), as extracellular matrix composition can profoundly affect integrin expression in the adherent cells [17] . Finally, it may reflect the different spatial relationships between the stem and transit amplifying cells in each tissue, if we are right in placing the oesophageal transit amplifying cells in the epibasal layers, rather than in the basal layer, as in epidermis.
We next investigated whether human oesophageal epithelium could be reconstituted in vitro by culturing keratinocytes on denuded, acellular oesophageal connective tissue (DEOS). Keratinocytes cultured on the exposed basement membrane at the air-liquid interface formed a multilayered epithelium with several characteristics of their tissue of origin (Figure 4a and data not shown). Rudimentary papillae formed at regular intervals and cells underwent terminal differentiation in the suprabasal layers, culminating in the production of nucleated squames (Figure 4a ). Ki-67-positive cells were present in the basal and epibasal layers (Figure 4c ). Basal cell divisions in the IBL were predominantly perpendicular relative to the underlying stroma, resulting in one basal and one epibasal daughter (Figure 4c,d ). Of 24 anaphase and telophase IBL mitoses analysed in propidium iodide stained sections of 10 day old DEOS cultures, 17 were asymmetrical. The papillary architecture and orientation of mitosis persisted, and in 20-40 day old cultures all 10 telophase or anaphase cells observed were dividing asymmetrically relative to the underlying stroma.
Brief Communication 1449 When oesophageal keratinocytes were grown on denuded acellular skin connective tissue (DED), the stratified epithelium that formed resembled epidermis: there were no papillae and the epithelium projected downwards into the underlying connective tissue (Figure 4b ). The orientation of basal cell divisions was initially random: of 31 anaphase and telophase mitoses observed in a 13 day old culture, 15 were asymmetrical (Figure 4e ). However, as the epithelium matured, basal cell divisions became predominantly symmetrical relative to the underlying stroma ( Figure 4f ) and, of 17 mitoses observed in a 21 day old culture, 16 gave rise to two basal daughters (p < 0.01 for the proportion of asymmetric mitoses at days 13 and 21). These findings suggest that the underlying stroma determines the orientation of cell division in oesophageal keratinocytes and, as both types of connective tissue tested were acellular, the composition of the basement membrane may be important [6, 14, 16, 18] .
On the basis of our findings, we propose a model of human oesophageal epithelium in which stem cells, transit amplifying cells and post-mitotic, terminally differentiating cells are located in distinct anatomical regions ( Figure 5 ). The IBL is enriched for cells with characteristics of stem cells: they divide infrequently and asymmetrically, and found large, actively growing clones in culture. The PBL cells proliferate more frequently than IBL cells; they divide symmetrically and have a lower proportion of clonogenic cells. We tentatively designate both PBL cells and epibasal cells as transit amplifying cells.
Understanding how stem-cell fate is regulated is of considerable importance in cancer. Oncogenic lesions acquired by cells that are undergoing terminal differentiation have relatively little impact on a tissue because the cells are rapidly lost. In contrast, stem cells are permanent tissue residents and therefore have the potential to acquire further deleterious changes and form a tumour. Squamous cell carcinoma of the oesophagus is one of the most common fatal cancers worldwide [2] and, by characterising the oesophageal stem-cell compartment, we can begin to explore new approaches to treatment. 
